Abstract -The effects of bending a 2-dimensional planar array of rectangular split-ring resonators (SRRs) is observed by mounting the array to varying diameter HDPE cylinders. By studying the transmission of pulsed THz light through the SRRcylinder system, it shown that the resonant frequency and response of the arrays are tunable as a function of the radius of curvature.
I. INTRODUCTION
A rray devices based on split-ring resonators (SRRs) have in the recent past have played a major role in the development of metamaterials. SRRs have been shown to exhibit either or both effective negative magnetic permeability and negative electric permittivity at a resonant frequency directly proportional to the size of the ring's design parameters. Metamaterials designed for use at terahertz (THz) frequencies have for the most part relied on semiconductor based substrates, while recent work has demonstrated that more flexible substrates such as polyimides or photoresist materials are effective substrates [1] [2] [3] . The work presented here demonstrates the tuning capability inherent to such a flexible device. This work further examines the effect of substrate curvature on a metamaterial device's performance as compared to standard design parameters which typically assume a flat substrate, whether flexible or not.
This study explores the effects of bending a flexible substrate which supports a 2-dimensional planar array of complementary pairs of rectangular split ring resonators (SRRs). The planar arrays are gold patterned SRRs on a SU8 polymer substrate [3] . The SRRs have a square shape with a height and length of 400 μm with a 200 μm periodic spacing. The width of the gold lines is 25 μm. The capacitive gap opening is 170 μm, such that the length of the gold line on either side of the gap is 90 μm. The 170 μm capacitive gaps of complementary pairs of SRRs are aligned with each other (Fig. 1 ). With this complementary pair structure, the device has multiple transmission resonances dependent on the incident polarization such that a resonance can arise due to the individual capacitive gaps within the SRRs or the gaps between each SRR. The arrays are softened using isopropyl alcohol and mounted to HDPE cylinders of varying diameter.
A TeraView spectroscopic imaging system is then used to obtain a time-domain waveform of the transmission through the system. This pulse is acquired from both the center of the array and through the substrate only, as well as polarized parallel to the capacitive gap of the individual SRRs (referred to here as "crossed") and perpendicular to the capacitive gap ("normal") (Fig 1.) . The resonant behavior of the array device is analyzed by deconvolving the substrate response from the array response. All resonances are smoothed using a moving average and examined for minimizations in transmission.
II. RESULTS
The polarization of the incident electric field in relation to the capacitive gaps and the SRR layout is an important consideration. Fig. 2 shows a spectral amplitude image of the array mounted to a 1" diameter cylinder. These images clearly show the polarization dependence of the SRR arrays relative to the incident e-field.
With varying radii of curvature from the different cylinders used in the study, it can be seen that the resonant frequency varies with the radius of curvature (Fig. 3) . This dependence is not linear which suggests that there are competing effects within the arrays as they are bent. Compared to the device on top of a flat piece of HDPE, the resonance is red-shifted by approximately 20 GHz when the device is placed on a 0.75" diameter HDPE cylinder. The magnitude of the resonance varies with bending as well. The resonance is dependent on the capacitive gap separation, SRR line width, and SRR separation. The ability to predict the performance of a device on a curved substrate is difficult as the effect of the interaction with adjacent SRRs may play an enhanced role, which will be investigated in future simulation work. Due to the complimentary SRR arrangement, the transmission properties exhibit varying resonance dips that are not only tunable, dependent on the substrate curvature, but also the incident electric-field polarization. Fig. 4 depicts the transmission through the device placed on a 0.5 inch diameter HDPE cylinder for both polarization configurations. The resonance dip for the "normal" polarization occurs at 169 GHz as compared to 240 GHz for the "crossed" polarization. The "strength" of the resonance for the "normal" polarization is much stronger as the transmission decreases to 0.33 as compared to 0.76 for the "crossed" configuration.
If an "extinction ratio" is defined as the ratio of the transmission at the resonance frequency at a defined polarization configuration to the transmission at the same frequency for the other polarization configuration, an interesting comparison can be made. For the "normal" polarization orientation, the extinction ratio is always lower than 0.7 and actually lower than 0.5 when the device is placed on cylinders of diameters less than 2 inches. However, for the "crossed" polarization configuration, this ratio is never less than 0.85. For the case of the device placed on the 2" diameter HDPE cylinder, there is almost no transmission resonance seen for the "crossed" configuration whereas the one for the "normal" is quite strong and is minimized at approximately 200 GHz, similar to that for a flat HDPE substrate.
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